release underlying a spark appears to turn on and off abruptly respectively at the start and at the peak of a spark. Under many stimuli, the frequency and/or pattern of occurrence of the Ca 2+ sparks is altered, indicating changes in the closed time (or opening rate) of the channels that initiate the sparks. In contrast, the average values of the spatio-temporal properties of the individual events generally remain unchanged, indicating constancy of channel open time and constancy of total Ca 2+ efflux via the channels generating a spark. A few conditions that alter the average properties of Ca 2+ sparks provide rare insights regarding the open-time of the Ca 2+ channels generating the Ca 2+ spark.
"sparks") detected by confocal imaging of Ca 2+ indicatorcontaining muscle fibers may arise from the coordinated opening of a small group of RyR Ca 2+ release channels, or possibly even from the opening of a single channel. These discrete Ca 2+ release events originate at triad junctions and can be gated by fiber depolarization or by physiological cytosolic ligands (e.g., Ca 2+ and Mg
2+
) in functioning muscle fibers. The global increase in myoplasmic Ca 2+ during fiber depolarization appears to consist of the summation of huge numbers of Ca 2+ sparks initiated during a brief time interval. Study of Ca 2+ sparks thus offers a unique window into the operation of groups of SR Ca 2+ release channels or individual channels within the normal structural and molecular environment of a functioning fiber. The Ca 2+ release underlying a spark appears to turn on and off abruptly respectively at the start and at the peak of a spark. Under many stimuli, the frequency and/or pattern of occurrence of the Ca 2+ sparks is altered, indicating changes in the closed time (or opening rate) of the channels that initiate the sparks. In contrast, the average values of the spatio-temporal properties of the individual events generally remain unchanged, indicating constancy of channel open time and constancy of total Ca 2+ efflux via the channels generating a spark. A few conditions that alter the average properties of Ca 2+ sparks provide rare insights regarding the open-time of the Ca 2+ channels generating the Ca 2+ spark. ] transients due to the combined activity of large numbers of calcium release channels in a single muscle fiber have been monitored by many laboratories in functionally intact skeletal muscle fibers. Such global or "macroscopic" Ca 2+ transients have been analyzed to calculate the time course of the overall rate of release of calcium from the SR in our own (1, 2) and other (3) laboratories. The resulting release wave form, which exhibits an early peak followed by a decline to a more maintained steady level during a voltage clamp depolarization (1), corresponds to the "macroscopic" calcium efflux through the population of SR calcium release channels throughout the muscle fiber, equivalent to a macroscopic calcium current across the SR membrane. In 1995 "microscopic" calcium release events (Ca 2+ "sparks"), which may underlie the macroscopic calcium release waveform, were detected in skeletal muscle (4, 5) after having been first identified in cardiac myocytes (6) . The Ca 2+ sparks presumably occur in such high frequency and large numbers during depolarization of a muscle fiber that the individual events become indistinguishable during the macroscopic [Ca 2+ ] transient (7) . The development of experimental conditions under which Ca 2+ sparks could be observed and characterized constituted a major advance in the study of SR Ca 2+ release in skeletal muscle. The ability to monitor Ca 2+ sparks has revolutionized the study of SR channel behavior in functioning muscle fibers (e.g., 8, 9, 10) . Because of their robust properties and ease of experimental manipulation, single, cut or permeabilized frog twitch skeletal muscle fibers have been utilized for the studies reviewed here unless otherwise indicated.
GENERAL BACKGROUND AND EARLY OBSERVATIONS OF Ca

Initial observations of Ca 2+ sparks in skeletal muscle
Our early work on Ca 2+ sparks, as well as work at the same time in the Rios laboratory, developed procedures for studying both voltage activated and "spontaneous" (i.e., ligand-activated) Ca 2+ sparks in skeletal muscle fibers. By using an extracellular dye that enters the transverse tubules and thus marks their location (11), we were able to identify the TT location in our fibers and to establish that voltage activated Ca 2+ sparks were centered at the triads (7), as were the spontaneous release events. This is as expected since the calcium release channels are localized in the junctional SR membrane at the triad.
Our initial results showed that calcium sparks occurred during small depolarizations of fully polarized frog cut skeletal muscle fibers voltage clamped in a double Vaseline gap chamber and also occurred "spontaneously" in fully polarized or fully depolarized fibers (5, 7). As in cardiac myocytes (6) , these events were thought to correspond to the opening of functionally linked groups of a few SR calcium release channels or even of individual SR channels.
In fully polarized fibers, discrete Ca 2+ sparks could be resolved only during relatively small depolarizations because during larger depolarizations the individual events were obscured by the large overall rise in fluorescence. However, over the limited range of depolarizations during which discrete events could be discerned, the event frequency increased steeply with increasing depolarization (e-fold in about 3 to 4 mV; (7)). We thus hypothesize that the macroscopic calcium transient generated during full activation of a fiber is due to the combined result of large numbers of discrete release events occurring at a frequency that is too high to allow resolution of individual events. The ability to detect and characterize these discrete release events provides an exciting and novel approach to gaining new understanding of SR channel activity in functioning muscle fibers. release could occur at an approximately constant rate during the rising phase of the spark, and then stop completely during the falling phase. The duration of the rising phase of a Ca 2+ spark thus provides a lower bound estimation of the time of Ca 2+ release from the channel or channels generating the spark. Furthermore, the time course of the rising phase of a spark may provide important information concerning the degree of synchrony of possible multiple channels generating the spark. In contrast, the ] free =0.65) are presented. Three Ca 2+ sparks are apparent as discrete localized increases in fluorescence. Temporal ∆F/F fluorescence profiles of select spatial locations (arrowheads) are presented below. B. 93 Ca 2+ sparks were spatially centered and temporally shifted to the 50% rise-time to construct a signal averaged event. The pseudo-color xt plot (left) is presented with spatial and temporal fluorescence profiles extracted through the peak of the fluorescence. A surface plot representation (right) provides a view of the temporal and spatial characteristics of the averaged Ca 2+ spark. The mean values (±) SEM of the spatiotemporal properties of the sparks averaged to give the mean event were 10-90% rise time 5.6 ± 0.2 ms, full duration at half max (FDHM) 11.9 ± 0.3 ms, full width at half max (FWHM) 1.6 ± 0.1 µm and peak amplitude (∆F/F) 1.2 ± 0.1. spark amplitude, which depends on both duration and magnitude of the rate of Ca 2+ efflux via the channels generating the spark, provides an indication of the total amount of Ca 2+ released in the event.
Considerations in imaging
Out of focus events: effects on rise-time and amplitude
One technique used to image spatially localized, subcellular fluorescent transients (e.g., Ca 2+ sparks) is the use of a laser scanning confocal microscope (LSCM) in conjunction with Ca 2+ indicator dyes. The LSCM limits the spatial sampling of fluorescence based on its ability to physically limit the detection of emission photons which are out of the focus volume of the microscope objective. This spatially restricted sampling volume can be estimated by examining the point spread function of the LSCM, which for our consideration, can be roughly approximated as a spherical volume of approximately 1µm diameter. While confocal imaging provides restricted spatial sampling ability, the interpretation of the fluorescence signal (i.e., the shape of the Ca 2+ spark) can be affected by Ca 2+ diffusing out of the plane of focus as well as by events occurring some distance from the scanned line. Numerical simulation of the Ca 2+ spark morphology as a function of the distance of Ca 2+ spark generation from the sampling volume results in significant decrease in amplitude of the spark with increasing distance from the sampled volume, but much less alteration in the rise-time (12, 13)
Rep-mode events exhibit constancy of released Ca
2+
Under conditions of very low activation, voltage activated and ligand activated Ca 2+ sparks appear in a stochastic manner and on average occur very rarely at any given triad. As an exception to this, a second mode of Ca 2+ spark activation (rep-mode) was identified in which, at low levels of overall activation, Ca 2+ release events occurred repetitively in a single triad at rates >100 fold the rate in the remaining triads (14) . The events within a given repmode train were of similar amplitude and spatio-temporal extent, suggesting that each of these events arose from release of the same amount of Ca 2+ from a given group of channels within the same triad. Analysis of the inter-spark intervals revealed a lack of repetitive events occurring at very short intervals. The mean recovery time (98 ms) was similar to the time constant for recovery of the underlying Ca 2+ release channel(s) from Ca 2+ dependent inactivation (50 -100 ms; 15, 16) prior to subsequent reactivation in the train. Additionally, the population of sparks within the rep-mode trains were similar in spatio-temporal characteristics to a population of singly occurring sparks in the same fibers consistent with a common mode of inactivation for both groups. Since the events in a repmode train arise from the same Ca 2+ release unit in a given triad, all are the same distance from the scan line and thus are all recorded with the same relative distortion of amplitude and rise-time.
Number of channels in the confocal volume at a triad
It is important to take into account the structural composition of the skeletal muscle triad when interpreting the confocal imaging of Ca 2+ release. A detailed consideration of the shape, size and distribution of calcium release units and the functional coupling of these units to voltage sensors (i.e., couplons) has recently been published (17) Due to the limited scope of this review, we limit our consideration to an estimate of the number of Ca 2+ release channels sampled at each triad during confocal line scan imaging. In frog twitch fibers, a 1µm diameter sphere, which very roughly approximates the sampled confocal volume, includes about 50-100 RyR Ca 2+ release channels at each triad. sparks can only be clearly discerned during small depolarizations, which severely limits the study of voltage dependence of these events. In order to study voltage activated Ca 2+ sparks over the entire range of membrane potentials, we exploited a "repriming" protocol (18, 19) to avoid the large [Ca 2+ ] transients that would otherwise obscure any discrete events during large depolarizations of fully polarized fibers. Starting with a chronically depolarized muscle fiber, we restore only a small fraction of the TT DHPR voltage sensors from the inactivated ("immobilized") state by brief repolarization (20, 21) and then activate the restored voltage sensors by depolarization ( Figure 2 ). We found that when a small group of reprimed voltage sensors is driven to their activating conformation by a large depolarization after brief repriming, calcium sparks similar to those activated by small depolarization of the same fully polarized fiber were observed (19) . Ca 2+ released from RyRs coupled to and directly opened by activated voltage sensors may secondarily activate neighboring RyRs (Figure 2 ) by calcium induced calcium release (CICR). Although it is impossible to resolve individual events during large depolarizations in a fully primed fiber, our results to date with partially reprimed fibers appear to be consistent with the hypothesis that large macroscopic releases are composed of the summation of a large number of individual calcium sparks occurring at a high frequency. Thus, knowledge of the properties of the underlying release events provides crucial information for understanding of the macroscopic voltage activated calcium release in a fully primed Fiber.
VOLTAGE-ACTIVATED Ca
Initiation of Ca
2+ sparks during step depolarization Following brief repriming of a chronically depolarized fiber, step depolarizations reveal discrete Ca 2+ sparks occurring at individual triads. Analysis of the frequency of event occurrence relative to the start of a depolarization (i.e., latency histogram) provides an indication of the voltage dependent gating pattern of the available Ca 2+ channels at the triad. Our results show that during a large depolarization, which should rapidly and maximally activate all reprimed voltage sensors, the event latency histogram exhibits a marked early peak, corresponding to a burst of sparks within the first few ms of the pulse, followed by a much lower maintained steady rate of sparks (10) . By using a moderate repriming time, the full voltage dependence of the frequency of events both during the peak rate at the start of a pulse, and during the steady level later in the pulse was determined (10) . With increasing voltage, an increase in the total event frequency as well as an increase in the clustering of events near the initiation time of the voltage pulse was evident. In addition, analysis determined no differences in spatio-temporal properties of the Ca 2+ sparks based on position of occurrence relative to the pulse suggesting that the underlying channel behavior and conductance was voltage independent.
Pattern of occurrence of Ca 2+ sparks determines release wave form
Since the properties of Ca 2+ sparks were voltage independent, we could assume that the rate of Ca 2+ efflux via the open channel(s) underlying a spark to be on average the same for all events. We then could use the latency histogram together with the mean spark rise time (which provides a measure of the overall time for Ca 2+ efflux during each event) to construct a time course of Ca 2+ release from the SR due to the identified sparks (10) . For large depolarizing test pulses we obtained a peaked release wave form, generally similar to the macroscopic rate of release wave forms calculated previously from average global [Ca 2+ ] transients in fully polarized fibers (1, 3) , but possibly showing a somewhat more pronounced peak. Based on these findings, we were able to conclude that the voltage dependence in the Ca 2+ release flux waveform is due to the temporal occurrence of individual Ca 2+ sparks whose individual properties are independent of voltage.
RyR isoforms and voltage sensor coupling to RyRs
RyRs coupled to TT voltage sensors (DHPRs) alternate with non-coupled RyRs along a "checkerboard" double row in toadfish swim bladder muscle (22) , and the same arrangement may occur in frog muscle. Two RyR isoforms, 1 and 3 or their homologues (alpha and beta in amphibian muscle) are expressed in skeletal muscle. RyR1 but not 3 organizes DHPRs (23, 24) and supports skeletal EC coupling (25) . Thus, the coupled RyRs (Fig 1) must be RyR1. Toadfish swim bladder expresses only RyR1, so by inference the intervening non-coupled RyRs in frog muscle could also be RyR1. In that case, RyR3, which is expressed at the same level as RyR1 in frog muscle, would be located in the recently described row of non-coupled parajunctional RyR's (26) that runs on either side of the double row of alternating coupled and non coupled RyRs (above). The functional significance for Ca 2+ sparks of such a possible isoform arrangement remains to be determined. However, in the dyspedic myotube cell system, exclusive expression of RyR3 causes the appearance of both isolated and repmode Ca 2+ sparks having properties very similar to Ca 2+ sparks in frog skeletal muscle fibers (27 microscope systems with galvanometer mirrors which scan the sample at rates of 1.5-2 ms per line. Since the rising phase of a typical Ca 2+ spark is on the order of 4-6 ms, these systems provide only 2-3 time points, which is clearly insufficient to resolve details of the kinetics of the rising phase of the spark. In order to investigate the kinetic detail of Ca 2+ sparks we have used a confocal system based on a resonant galvonometer for increased speed of scanning. This system, developed by Dr. Roger Tsien (33) and subsequently developed commercially by Nikon (RCM 8000) is used to image Ca 2+ spark events at the standard video rate of 63 µs per scan line, about 30 times faster than conventional confocal systems. Figure 3 displays a representative image strip of a Ca 2+ spark as well as corresponding ∆F/F fluorescence transient monitored at the spatial center of the spark. The ∆F/F time course of each individual Ca 2+ spark imaged was characterized by fitting each record to a function that empirically reproduced the main features of these observed time courses (34) . This function (i.e., sequence of 2 exponentials), which provides a discontinuous rate of change at start and peak of the spark, was able to accurately reproduce most aspects of the Ca 2+ spark time course. Results from two studies (34, 35) demonstrate a very abrupt initiation of fluorescence beginning at a maximal mono-exponential rate and continuing through the rising phase of the spark. The rising phase was followed by an abrupt transition from rising to falling fluorescence at the peak of the spark. The falling phase then followed a mono-exponential decaying timecourse. These findings are consistent with a large, rapid and relatively constant Ca 2+ release during the rising phase followed by abrupt decrease in the rate of Ca 2+ release rate at the peak of the spark.
Voltage sensor restoration can prematurely terminate Ca
2+ release in voltage-activated sparks In recent studies of Ca 2+ sparks using the high speed confocal system, we have investigated the question of whether sparks which are initiated by the voltage sensors during fiber depolarization remain under voltage sensor control after their initiation. To investigate this question we examined Ca 2+ sparks produced by depolarizing test pulses which were relatively long (15-60 ms) relative to the spark rise time with Ca 2+ sparks produced by pulses which were short (3-6 ms) relative to the spark rise time. The rationale behind this comparison was that during the short pulses, the voltage sensors could deactivate at the end of the pulse during the rising phase of a spark when the Ca release in the spark was still occurring (Figure 4) . If the voltage sensor were required for continued activity of the SR Ca 2+ release channels generating the spark, then the channels would be prematurely closed after the short pulse. In this case the rising phase of the spark would consequently be briefer that that of a spark during a long depolarization. Our results in fact showed that the mean duration of the rising phase (3.6 ms) of sparks elicited by 3 -6 ms pulses was significantly shorter than the mean duration of the rising phase (4.5 ms) of sparks elicited by longer duration pulses (35) . Furthermore, the spark rise time decreased systematically the later the spark initiation time occurred relative to the end of the pulse. This result indicates that deactivation of voltage sensors provides one mechanism for terminating the SR Ca 2+ release channel activity underlying a Ca 2+ spark. The distance along the TT-SR junction over which the DHPR coupled RyR exerts an influence on neighboring RyRs, and the possible role of conformational coupling of adjacent RyRs (36) in this voltage sensor control remain to be determined. During longer duration depolarizing pulses, when the voltage sensor is continuously active, the rising phase of a spark is also terminated (above). Therefore there must also be an inactivation mechanism that terminates the SR Ca 2+ release channel activity underlying a spark even during the continued activation signal from the voltage sensor. Thus, the SR Ca 2+ release channel openings underlying a spark can be terminated by either of two alternative mechanisms ( Figure 2 ): either by voltage sensor deactivation, as occurs after short depolarizations, or by SR channel inactivation during more prolonged depolarizations. Spontaneous Ca 2+ sparks, which appear to be initiated independent of voltage sensors, are activated by ligand interaction with the RyR and would be terminated by inactivation, also independently of the voltage sensor.
Ca
2+ release channel activity underlying a spark From our results presented above, it does not seem implausible that Ca 2+ release underlying a spark could be initiated at its maximal rate and then could turn off abruptly and completely at the peak of a spark. In this case the rise time of the spark would correspond to the total time that the channel or group of channels generating the spark were open, and the declining phase would be a time during which the release rate were zero. As discussed previously, (37) this interpretation could correspond to a single channel open for the entire rising phase of the spark. Alternatively, multiple channels, each of which remain open throughout the rising phase of the spark, or multiple channels that open and close asynchronously and repeatedly during the rising phase of the spark but which all close within a short interval at the time of peak of the spark would also be consistent with our observations. Recent work by the Rios laboratory (38) has provided new data regarding channel activity underlying voltage activated Ca 2+ sparks. Under conditions in which the CICR potential was low (high [Mg 2+ ] in the internal solution), voltage elicited Ca 2+ sparks were spatially narrowed and exhibited a low amplitude, prolongation (ember; <100ms) of fluorescence. In the presence of caffeine (high CICR potential), voltage elicited Ca 2+ sparks were spatially more extensive than in the control condition and did not present with ember fluorescence. Additionally, under control conditions there was some indication of the presence of the ember. These authors postulate that the low CICR potential reduced the recruitment of channels contributing to the Ca 2+ spark, thereby revealing an 'ember' fluorescence. This sustained low amplitude fluorescence was attributed to a single channel which is controlled by voltage sensor activation and remains open at low CICR potential despite the suppression of Ca 2+ release by RyRs activated secondarily via CICR. In this case the channel closing scheme for long depolarizations in Figure 4 would have to be modified to show RyRs activated by CICR closing before the voltage activated channel at low CICR potential, but not at high CICR potential. In this model it is postulated that a "master" channel, activated by the TT voltage sensor, synchronizes the opening of neighboring Ca 2+ release channels during voltage activated Ca 2+ sparks at high, but not at low CICR potential. However, in this case the mechanism by which CICR activation terminates the voltage activated ember remains to be determined.
In the most general interpretation, the rise time of a spark provides a lower limit for the open time of channels responsible for generating the spark. Some channel(s) might open or remain open during the declining phase, even though the rate of release must have been markedly less than during the rising phase (preceding paragraph). These types of interpretation can be made quantitative through the use of detailed modeling of Ca 2+ binding and diffusion in a fiber after Ca 2+ release from a channel or group of channels. (e.g., 12, 13). Unfortunately detailed discussion of these models is beyond the scope of this brief review; however, these quantitative models (12, 13) indicate that release could abruptly turn on and off at the start and peak of the observed sparks.
LIGAND ACTIVATED Ca
2+ SPARKS
Permeablized fibers for the manipulation of cytosolic ligands
Spontaneous Ca 2+ sparks have been visualized in fully polarized as well as in chronically depolarized fiber preparations (5, 7). These events are thought to be initiated by ligand activation, most likely through calcium-inducedcalcium-release (CICR) mechanisms. Several techniques have been used to investigate ligand activated Ca 2+ sparks in depolarized fiber preparations, the purpose of all such techniques being to introduce Ca 2+ indicator dye and possible modulators (e.g., ions, small peptides) into the cytosol. Techniques such as mechanical disruption (e.g., notched, peeled fiber preparations) or chemical permeablization (e.g., saponin, ionophore) are effective tools for this approach in skeletal and cardiac cells. In recent investigations we have used brief saponin permeablization, which provides a rapid equilibration of experimental solutions, including large molecules (i.e., peptides (IPTx a ) and small proteins (Homer)), into and out of skeletal fibers (39 ] range of about 0.1 to 2 mM, the event frequency increased in inverse proportion to the 1.6 power of [Mg 2+ ], consistent with at least 2 Mg 2+ ions being involved in binding at an inhibitory site for channel opening, which is consistent with the model put forward by Laver (41) . In recent studies we have confirmed this [Mg 2+ ] dependence using saponin permeabilized fibers, in which equilibration of cytosolic solutions is more rapid and is uniform along the length of the fiber (42) .
Despite the steep rise in spark activation with decreasing cytosolic [Mg 2+ ], the mean amplitude, amplitude distribution, mean rise time, rise time distribution, and the In the planar lipid bilayer, this peptide interacts with single frog RyR's and induces long-lasting substates of ~30% of full current amplitude. In saponin permeablized frog skeletal muscle fibers, 5nM IpTx a induced long duration (mean = 1.8 sec), relatively small (~ 30% of control spark peak amplitude) release events that occurred either with or without sparks superimposed on the fluorescence substate (39; Figure 5 ). The fluorescence waveforms were consistent with the "long openings" to subconductance state, often superimposed with full conductance openings, induced by IpTx a in lipid bilayers (43 channels and/or internal Ca 2+ release channels through an EVH1 domain and cross-links such membrane proteins via self-multimerization of the homer proteins at their coiledcoil (CC) domain (45) . These proteins have recently been shown to bind to RyR and to increase RyR channel open probability (46) . We have examined the effects of homer proteins on spontaneous Ca 2+ sparks in permeablized frog skeletal muscle fibers (47). Homer protein H1c [5-50nM] , which has both EVH1 and CC domains, initiated a concentration dependent increase in spontaneous Ca 2+ spark frequency with no change in the spatial or temporal properties of the Ca 2+ sparks. Homer H1a, which has the EVH1 domain but lacks the CC domain and thus cannot cross link channels, had no effect on Ca 2+ sparks. A non-binding EVH1 mutant (mutH1c) of H1c, applied at 10 fold higher concentration than H1c, had no effect on Ca 2+ spark frequency or properties. However, when H1c was applied together with 10-fold excess mutH1c, the effect of H1c was prevented. This is consistent with mutH1c and H1c forming heteromeric dimers having one binding and one non-binding end, resulting in a dominant negative inability of H1c to cross link channels. It thus appears that the activation of Ca 2+ sparks in permeablized frog skeletal muscle fibers is potentiated by Homer proteins, but only if the cross-linking capability is present. Homer proteins, however, do not affect channel closing and total amount of Ca 2+ released since spark rise-time and amplitude are unchanged.
CONCLUSIONS
At the global level, the increase in myoplasmic Ca 2+ during fiber depolarization appears to consist of the summation of huge numbers of Ca 2+ sparks during a brief time interval. Therefore, insights into the processes by which Ca 2+ sparks are modulated could offer insight into the functioning of SR Ca 2+ release channel(s). At the local level, Ca 2+ spark activation can be initiated by either voltage or ligand dependent mechanisms. The frequency of occurrence of these events provides information concerning the rate of opening of RyR channels initiating Ca 2+ sparks, whereas the amplitude and rise-time provide indication of the amount of Ca 2+ release and the effective open time of the RyR channels generating a Ca 2+ spark.
